Introduction
[2] The San Andreas Fault (SAF) has been interpreted to be anomalously weak on the basis of both mechanical and thermal data [Zoback et al., 1987; Sass, 1980 (herein referred to as L&S, 1980) ]. Maximum stress orientations inferred from borehole breakouts and earthquake focal mechanisms have been interpreted as evidence that the fault is weak (i.e., it supports shear stresses <20 MPa averaged over the seismogenic crust, $5 times less than expected for hydrostatic pore pressure and laboratoryderived friction laws) [e.g., Zoback et al., 1987] . However, interpretation of the stress orientation data is controversial; the data have been variously interpreted to indicate a weak fault in a strong crust [e.g., Townend and Zoback, 2004] , a weak fault in a weak crust [Hardebeck and Hauksson, 1999] , and a strong fault in a strong crust [Scholz, 2000] . The lack of a detectable heat flow anomaly across the fault-as is predicted by conductive models for frictional heating along a strong fault-has also been interpreted as indicating a weak fault (L&S, 1980) . However, considerable uncertainty remains regarding the effects of real-world variants from the no-topography, pure-conduction model on observed heat flow, and there is a large degree of scatter in the Coast Range heat flow surrounding the SAF which is to date unexplained [e.g., Sass et al., 1997; L&S, 1980] . It has been argued that a strong SAF may actually generate frictional heat, but hydrogeologic effects and scatter in the heat flow data mask the expected thermal anomaly [Scholz, 2000] .
[3] Processes that can potentially have significant effects on surficial determinations of heat flow include heat advection by thermally-driven convection or topographicallydriven groundwater flow, topographic refraction, refraction caused by variable thermal conductivity, uncertainty in thermal conductivity, uplift and erosion, and significant variability in heat production. Saffer et al. [2003] evaluated the effects of topographically-driven groundwater flow on heat flow near the SAF for a suite of hydrogeologic and fault strength scenarios. They were able to rule out frictional heating along a strong SAF in the Mojave Desert, but the results were inconclusive at Parkfield due to the large degree of scatter in the data, uncertainty in the degree of 3-D terrain effects not accounted for in the present heat flow dataset, and incomplete correction for topography in their 2-D models.
[4] Here, we re-examine the heat flow data surrounding the SAFOD site near Parkfield (Figure 1 ) and re-evaluate the possibility that a frictional heat source from a strong SAF may be obscured by topographically-driven groundwater flow. First, we re-correct the raw temperature data for full 3-D terrain effects. We then compare the 3-D corrected data to simulated heat flow from numerical models that couple groundwater flow and heat transport. The models incorporate a range of hydrologic scenarios along three cross-sections perpendicular to the fault near the SAFOD site ( Figure 1 ).
Methods

3-D Terrain Corrections
[5] Terrain effects are disturbances to the background temperature regime within the solid Earth caused by 3-D heat transfer due to topography, variable solar insolation, and variations in thermal and radioactive properties of the Earth's surface [Blackwell et al., 1980] . Most of the heat flow measurements we use in this study have previously been published with limited 2-D terrain corrections, which use exact solutions for simple geometric shapes that approximate the true topographic surface along a transect perpendicular to the general strike of topography. These models assume a constant surface temperature or one that varies linearly with elevation, and do not take into account effects of variable solar insolation that may alter the surface temperature around a borehole. Blackwell et al. [1980] note that in cases where there is appreciable topographic variation, and especially if the topography is dominantly of one sign (i.e., on a hilltop or in a canyon), these solutions are unsatisfactory for boreholes with depths <300 m.
[6] We correct the raw temperature data using a more complete terrain correction, which takes into account 3-D topography and solar insolation effects [Blackwell et al., 1980] . We calculate the surface temperature field as a function of variations in elevation coupled with a lapse rate and in solar insolation due to the angle and azimuth of terrain slopes [e.g., Powell, 1997] . Estimated surface temperatures are fit with a Fourier series and upward continued (z positive down) [Blackwell et al., 1980, equation 7] , to find the subsurface temperature field free of terrain effects. We have applied the correction for 22 boreholes near Parkfield, CA, and report the least squares fit corrected gradient over a depth interval of known thermal conductivity (Table 1) . Heat flow (q) is calculated by:
where l avg is the mean thermal conductivity over the depth interval, and dT/dz is the corrected thermal gradient over the same interval.
[7] The corrected gradient for each borehole is well constrained; however, thermal conductivity values are subject to large uncertainties, mainly due to undersampling. For some boreholes, thermal conductivity data are not available and values are based on formation averages [e.g., Sass et al., 1997] . We define error bars for the heat flow data (Table 1, Figure 3 ) as the product of standard deviation of thermal conductivity (s L ) and the corrected gradient:
Topographically-Driven Groundwater Flow
[8] To evaluate the possibility that the SAF generates frictional heat, but that the thermal signal is masked by the effects of groundwater flow, we simulate 2-D coupled heat and fluid flow along three transects ( Figure 1 ) for a series of groundwater flow and fault strength scenarios. The models we use to simulate heat flow are an adaptation of the pureconduction models of L&S (1980) in which we include a topographic surface and allow for fluid flow [e.g., Saffer et al., 2003] . We solve the steady-state coupled fluid and heat flow equations with the finite-element code, SUTRA [Voss, 1984] . The side boundaries of each cross-sectional model coincide with regional groundwater divides and are set as no-flow boundaries for fluid and heat. We assign the water table at the top surface, defined by the topography along each cross-section, and specify the surface temperature with an atmospheric lapse rate of 6.9 K/km. We assign a basal heat flux of 78 mW/m 2 along the bottom boundary, equivalent to the regional average for the Central Coast Ranges (L&S, 1980) .
[9] To simulate a strong fault, we include a line heat source at the fault that increases linearly with depth by 8.85 mW/m 2 per km (consistent with a shear-stress gradient of 9 MPa/km and a long-term average slip rate of 3.1 cm yr
À1
). To simulate a weak fault we include a heat source increasing linearly with depth by 1.97 mW/m 2 per km (reflecting a shear-stress gradient of 2 MPa/km). We evaluate a range of groundwater flow scenarios by defining permeability (k) within the model domain. We consider a suite of scenarios in which k is homogeneous, ranging from 10 À17 to 10 À15 m 2 , and two cases in which k decreases exponentially with depth [e.g., Ingebritsen and Manning, 1999; Williams and Narisimhan, 1989] 
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We report simulated heat flow values computed from the modeled steady-state temperature field at the depth interval between 100-200 m, and corrected for topographic effects along the model transect using a 2-D solid-angle method [Birch, 1950] .
Results and Discussion
Terrain Correction
[10] The degree of scatter in heat flow data is greatly reduced by applying the 3-D terrain correction (Figure 2 Similarly, correction of simulated heat flow for 2-D model topography-not fully accounted for in previous studies-significantly reduces the scatter in these values, allowing the thermal signature from heating along a strong vs. a weak SAF to be more distinguishable. Importantly, the large degree of scatter in both the published dataset and their simulated heat flow led Saffer et al. [2003] to conclude that observed heat flow could be consistent with either a strong or weak SAF near Parkfield. With the 3-D corrections, there are no indications of a statistically significant pattern of higher heat flow near the fault as expected if it were strong. Additional effects on heat flow due to uplift and erosion, thermally-driven convection, or variability in thermal conductivity and heat production are considered small or unlikely causes for masking a heat-flow anomaly generated by a strong SAF [e.g., Williams and Narisimhan, 1989; Lachenbruch and Sass, 1992] .
Fault Strength and the Extent of Groundwater Flow
[12] To evaluate plausible fault strength scenarios, we visually compare simulated heat flow to the 3-D corrected data along the model profiles (Figure 3 ) and compare the observed and modeled heat flow difference near and far from the SAF (Figure 4a ). We then identify plausible groundwater flow scenarios by comparing the variability in modeled heat flow with that observed.
[13] For conduction-dominated heat transport (k < 10 À16 m 2 ), strong fault models predict a fault-centered heat flow anomaly of peak magnitude 31 -37 mW/m 2 (Figure 3a) , which overpredicts heat flow within 9 km of the fault. If the actual regional heat flow is lower than the 
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basal heat flux used in our models (78 mW/m 2 ), it would be possible to fit some near-fault data with a strong fault model. However, in order to fit the data within 9 km of the fault in this manner, a downward static shift of $30 mW/m 2 would be needed, implying a regional heat flow of $48 mW/m 2 . This is an unrealistic value for the regional average; L&S (1980) report only one value <50 mW/m 2 within 200 km of the Parkfield area. Furthermore, this static shift is inconsistent with heat flow values away from the fault.
[14] In contrast, models that incorporate heating along a weak fault predict a small near-fault anomaly, and fit the data better both near and away from the fault-including the deep heat flow determination from the SAFOD site [Williams et al., 2004] (Figure 3a) . Simulated heat flow for frictional heating along a strong fault is consistent with the data only for models that allow significant near-surface groundwater flow (k > 10 À16 m 2 and f(depth) high ), whereas simulations that incorporate frictional heating along a weak fault are generally consistent with the data for all groundwater flow scenarios we investigated (e.g., Figure 3 ).
[15] For strong fault scenarios, models predict a systematic difference between heat flow near and away from the SAF for many of the groundwater flow scenarios (Figure 4a ). The data indicate a difference of only 2.3 ± 10.5 mW/m 2 . The large uncertainty results from remaining scatter even in the 3-D corrected data, and, in many cases, large uncertainty in thermal conductivity. Based on the observed difference between heat flow near and away from the SAF, heat generation on a weak fault is consistently allowable, whereas heating along a strong fault is consistent only for the highest permeability models (k > 5 Â 10 À16 m 2 ) in which the surface expression of frictional heating is no longer distinguishable. These higher permeabilities allow for significant near-surface groundwater flow which results in a high degree of variability in simulated heat flow.
[16] To identify plausible groundwater flow scenarios, we compare the variability in heat flow observed in the 3-D corrected data to modeled heat flow over the same spatial window (À18.2 to 4.3 km from the fault) (Figure 4b ).
Simulations with permeabilities >10
À16 m 2 in the upper km drive recharge rates >$1 cm/yr, resulting in significantly larger variability in the heat flow than observed (Figure 4b ). On this basis, and based upon the lack of a pronounced relationship between observed heat flow and elevation [Saffer et al., 2003] , we consider scenarios characterized by such high groundwater fluxes to be unreasonable. Williams et al. [2004] note that the depth extent of seismicity corresponds to a temperature of $350°C projected downward using surface heat flow, further suggesting that the heat flow measurements are not highly disturbed by advection.
Conclusions
[17] Much of the scatter in the previously published heat flow data near Parkfield can be accounted for by 3-D terrain effects. The 3-D terrain corrected data show no discernable fault-centered thermal anomaly within the uncertainty of thermal conductivity values, and are most consistent with a small degree of heat generation along the SAF. Simulated heat flow for all groundwater flow scenarios that incorporate a weak fault is generally consistent with the data. Models that incorporate frictional heating along a strong fault are only consistent with the data for high-permeability scenarios that allow significant near-surface groundwater flow. We rule out the plausibility of these advection-dominated scenarios because they predict a high degree of variability in the heat flow, which is not observed. Thus, for plausible groundwater flow scenarios, simulated heat flow is most consistent with heat generation along a weak SAF. This corresponds well with recent analyses of stress data which imply that fault strength is ''extremely low'' in Central California [Townend and Zoback, 2004] . We conclude that frictional heat generated along a strong fault is unlikely to be redistributed by topographically-driven groundwater flow in a manner that would be consistent with the data when fully corrected for terrain effects.
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